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ABSTRACT
This study investigates the influences of low-level atmospheric water vapor on the precipitation produced
by simulated warm-season midlatitude mesoscale convective systems (MCSs). In a series of semi-idealized
numerical model experiments using initial conditions gleaned from composite environments from observed
cases, small increases in moisture were applied to the model initial conditions over a layer either 600m or
1 km deep. The precipitation produced by theMCS increased with larger moisture perturbations as expected,
but the rainfall changes were disproportionate to the magnitude of the moisture perturbations. The experi-
ment with the largest perturbation had a water vapor mixing ratio increase of approximately 2 g kg21 over the
lowest 1 km, corresponding to a 3.4% increase in vertically integrated water vapor, and the area-integrated
MCS precipitation in this experiment increased by nearly 60% over the control. The locations of the heaviest
rainfall also changed in response to differences in the strength and depth of the convectively generated cold
pool. TheMCSs in environments with larger initial moisture perturbations developed stronger cold pools, and
the convection remained close to the outflow boundary, whereas the convective line was displaced farther
behind the outflow boundary in the control and the simulations with smaller moisture perturbations. The high
sensitivity of both the amount and location of MCS rainfall to small changes in low-level moisture demon-
strates how small moisture errors in numerical weather prediction models may lead to large errors in their
forecasts of MCS placement and behavior.
1. Introduction
Mesoscale convective systems (MCSs; Houze 2004)—
organized lines or clusters of convection—are the primary
producers of heavy and extreme warm-season rainfall in
many midlatitude locations, including the central United
States (e.g., Fritsch et al. 1986; Ashley et al. 2003;
Stevenson and Schumacher 2014). Yet the timing, loca-
tion, and rainfall amounts in warm-season MCSs remain
difficult to predict: forecast skill for both precipitation
generally and for heavy precipitation is minimized in the
summer (e.g., Fritsch and Carbone 2004; Sukovich et al.
2014). The reasons for poor rainfall predictions in the
warm season are many, and they are related to the small
spatial and temporal scales on which warm-season pre-
cipitation processes operate: warm-season MCSs often
occur in environments in whichmesoscale and storm-scale
processes play important roles, and those processes in turn
are very sensitive to the details of their environments. Or,
in other words, warm-season MCSs, and their associated
precipitation, have limited predictability (e.g., Wandishin
et al. 2008, 2010; Melhauser and Zhang 2012).
As one example of this problem, Schumacher (2015,
hereinafter S15) showed that the location andmagnitude of
the rainfall production in a simulated elevated MCS was
highly sensitive to very small changes in low-levelmoisture.
All of the simulations used the same mesoscale forcing for
ascent, and the moisture changes were applied only within
the near-surface stable layer and did not change the CAPE
of the most unstable parcels. Yet they led to changes in
both precipitation accumulation and convective structure
that were disproportionate to the magnitude of the ther-
modynamic changes. This suggests that, in a forecast situ-
ation, errors in precipitation accumulations can be
substantial even with an accurate representation of the
mesoscale forcing for ascent. However, these simulations
neglect potentially important aspects of real MCSs, such as
horizontal gradients in moisture. It is well established that
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increases in atmospheric moisture are related to increases
in precipitation, particularly in the tropics. For example,
Bretherton et al. (2004) showed a strong, nonlinear re-
lationship between integrated column water vapor (IWV)
and precipitation over tropical oceans, and many other
studies have confirmed this relationship. In midlatitude
convective systems, however, the relationship between
moisture and precipitation may be comparatively compli-
cated, in part because of the tendency for MCSs to be or-
ganized by vertical wind shear and horizontal temperature
gradients in ways that prolong the heavy rainfall and pro-
duce local rainfall accumulations many times larger than
the local IWV. Many investigators have examined the in-
fluence of thermodynamic conditions and vertical wind
shear on the characteristics of midlatitude convection, in-
cluding rainfall production (e.g., Weisman and Klemp
1982; Market et al. 2003; McCaul et al. 2005; James et al.
2006; Takemi 2006, 2010; Schumacher et al. 2011; Alfaro
andKhairoutdinov 2015), but there remainmany questions
regarding the factors responsible for limiting the pre-
dictive skill and predictability of warm-season pre-
cipitation. In particular, numerical model analyses and
forecasts often have biases in low-level moisture [owing in
part to a lack ofmesoscale observations above the surface,
e.g., Coniglio (2012); Coniglio et al. (2013)], which may in
turn lead to substantial errors in the distribution of pre-
cipitation. Observations from the 2015 Plains Elevated
Convection At Night (PECAN; Geerts et al. 2017) field
campaign showed that the operational Rapid Refresh
(Benjamin et al. 2016) analysis had low-level moisture
errors of 2–4gkg21 near a heavily raining MCS (Peters
et al. 2017). The influences of such low-level moisture
errors on precipitation forecasts have not been sufficiently
studied.
In this study, we build upon the findings of S15 by
conducting a series of numerical experiments in which
changes to the low-level thermodynamic conditions are
applied to the ‘‘quasi idealized’’ MCS simulation de-
scribed by Peters and Schumacher (2015, 2016). These
experiments allow for an evaluation of the results foundby
S15 in an environment that is more representative of ob-
served cases but still simplified to ease the interpretation
and generalization of the results. Section 2 describes this
numerical modeling framework and the design of the ex-
periments. The results of the experiments are reported in
section 3, section 4 discusses the context and implications
of the results, and section 5 concludes the manuscript.
2. Design and configuration of numerical model
experiments
The configuration of the control simulation (herein-
after CTRL) is nearly identical to that described in
Peters and Schumacher (2015, hereinafter PS15), with
the only exceptions being that version 3.7.1 of the ARW
model (Skamarock et al. 2008) was used for the simu-
lations here, slightly higher vertical resolution was used,
the inner model domain was initialized slightly earlier
(see below), and the simulations were run on NCAR’s
Yellowstone computing facility.1 A detailed description
and evaluation of the configuration of the CTRL simu-
lation can be found in PS15, so only a brief description of
this configuration is provided here. The initial and lat-
eral boundary conditions for CTRL come from a tem-
poral progression of composite atmospheric fields from
observed warm-season heavy-rain-producingMCSs that
were first developed by Peters and Schumacher (2014).
The synoptic-scale conditions are characterized by an
anticyclonically curved upper-level jet streak located
poleward of where the MCS would develop and a low-
level jet that intersects a near-surface baroclinic zone.
These conditions produced strong warm-air advection
(WAA) and transported low-level moisture into the
vicinity of the MCS (Figs. 1 and 2). The composite fields
from 15h prior to the observed rainfall maximum were
used to initialize the outer grid of the model domain
(4-km horizontal grid spacing; Fig. 3), and then the lat-
eral boundary conditions were updated every 3 h with
the corresponding composite fields at 12 h, 9 h, etc., prior
to the maximum rainfall time, with the model integrated
for a total of 30 h. A higher-resolution nest (Fig. 3) at
1.33-km horizontal grid spacing was integrated for 24 h
starting 6h after the outer domain.2 A stretched vertical
grid with 40 levels—including 8 levels in the lowest km—
was used on both domains. The Yonsei University
(YSU; Hong et al. 2006) planetary boundary layer
(PBL) parameterization, the Thompson (Thompson
et al. 2008) microphysics parameterization, the Dudhia
shortwave radiation scheme (Dudhia 1989), and the
Rapid Radiative Transfer Model longwave radiation
scheme (Mlawer et al. 1997) were used. The lower
boundary was set to a flat, constant ‘‘grassland’’ surface,
with surface–atmosphere fluxes turned off and no land
surface model used. (The advantages and disadvantages
of this configuration were explored in PS15.) As in PS15,
analogous simulations were run with the microphysics
parameterization turned off to isolate the effects of
1As found by many other investigators, different computer
systems yield different results in WRF simulations. In our experi-
ments, the total rainfall accumulations in CTRL did indeed change
across computer systems, but the differences between the experi-
ments and the control run were nearly identical in magnitude.
2 Based on the suggestion of an anonymous reviewer, we
conducted a test with a larger inner domain, which resulted in very
little change to the results.
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convective processes; these simulations are abbreviated
NOMP.
As described by PS15, the initiation of convection was
unrealistically delayed when the raw composite fields
were used as ICs and LBCs. This resulted from the rel-
ative humidity being unrealistically low in the compos-
ites after averaging over many cases in a coarse
reanalysis, which in turn stems partially from calculating
arithmetic means of fields that are nonlinearly related
(e.g., temperature and moisture, and thus CAPE and
CIN) via the Clausius–Clapeyron equation. Many in-
vestigators have identified that convection is excessively
suppressed in model simulations with any convective
inhibition (e.g., Parker and Johnson 2004; Naylor and
Gilmore 2012). To alleviate this, the initial relative hu-
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where M is the added RH, RHi is the RH from the
gridded composites, RHm is the modified relative hu-
midity used in the ICs for CTRL, A is 10%, pref 5
900 hPa, s5 50 hPa, and pcutoff 5 400hPa. With this
change applied, the initiation of convection in the quasi-
idealized simulation took place at approximately t 5
12 h, which is more closely aligned with the timing of
FIG. 1. Large-scale environments in the (a),(c) CTRL and (b),(d) 1KM_LARGE simulations. The 900-hPa
geopotential height is contoured (every 15m), the 900-hPa wind barbs are shown for magnitudes $6m s21 (half
barb 5 5, full barb 5 10 kt; where 1 kt 5 0.5144m s21), the IWV is in color shading (mm), and the 300-hPa wind
speed is in gray shading (m s21). (a),(b) Model initial conditions on domain 1 and (c),(d) conditions for t 5 12 h.
Geographic borders are shown only to provide a sense of horizontal scale; the model land surface is homogeneous.
The location of the vertical profiles in Figs. 4 and 5 is shown by an asterisk in (a).
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convection in the observed cases that constituted the
composite.
Whereas the aforementioned moisture increase was
designed primarily to speed up the initiation of con-
vection, the primary purpose of this study is to examine
the influences of changes to near-surface moisture on
the convection and precipitation in MCSs. To address
this issue, a series of experiments was designed in which
moisture was added to the initial conditions at low
levels. (This approach contrasts from S15, in which
moisture was reduced from an initially nearly saturated
profile; here, the initial profiles are comparatively dry
and moisture is added.) Four experiments were run: two
with increasedmoisture in the lowest 1 km, and two with
increased moisture in the lowest 0.6 km. Specifically, the











where Malt is the RH amount that was added to the
composites (now expressed as a function of height),
M(zalt) is the value of Eq. (1) at zalt, and w1 and w2 are
weighting coefficients. Two experiments were run with
zalt 5 1 km: one with w1 5 1 and w2 5 0 (referred to
as 1KM_LARGE) and one with w1 5 0:5 and w2 5
0:5 (referred to as 1KM_SMALL). Two similar experi-
ments were run with zalt 5 600m (referred to as
600M_LARGE and 600M_SMALL). In the ‘‘LARGE’’
perturbations, the amount of RH added to the composite
grids ended up being held constant at and below zalt. In
the ‘‘SMALL’’ perturbations, the amount of RH added
to the composites was an average between the value of
Eq. (1) at zalt and the values given by Eq. (1) below zalt.
The initial low-level moisture differences, along with how
those differences evolve with time, are illustrated in
Fig. 4. In the initial conditions (Fig. 4a), the low-level
mixing ratio was increased by a maximum of approxi-
mately 2 gkg21 and the RH by approximately 10% in
1KM_LARGE compared to CTRL, with progressively
smaller moisture changes in the other experiments. By
t 5 12h (Fig. 4b), just as convection was initiating to the
north of this location, the low-level mixing ratio had in-
creased in all simulations owing to the synoptic and me-
soscale moisture advection reflected in Fig. 1), and the
magnitude of the initial mixing ratio perturbations was
maintained. Convection initiated within a region of me-
soscale warm advection and associated low-level ascent
(Fig. 2); the temperature and thermal advection fields
were nearly identical prior to convection initiation in all
simulations (not shown). A layer near 1500m AGL had
been lifted to saturation in all of the experiments (dashed
lines in Fig. 4b), with a slightly deeper saturated layer in
the 1KM experiments.
Representative thermodynamic and kinematic pro-
files, evaluated just prior to convection initiation, are
shown in Fig. 5, and corresponding thermodynamic
calculations are given in Table 1. All of the simulations
exhibited a statically stable layer near the surface, with a
layer above that has been lifted to saturation as also
seen in Fig. 4b. The most-unstable layer was above the
FIG. 2. As in Fig. 1, but for 900-hPa temperature (every 2K),
900-hPa temperature advection (color shading; 1025 K s21), and
900-hPa wind barbs for CTRL at t 5 12 h.
FIG. 3. Configuration of outer and inner model domains. Geo-
graphic borders are shown only to provide a sense of horizontal
scale; the model land surface is homogeneous.
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surface in all simulations. The most unstable convective
available potential energy (MUCAPE) and most un-
stable convective inhibition (MUCIN) are nearly equal
in the CTRL and 600M simulations, whereas there is
greater MUCAPE, and the level of the most-unstable
parcel is lower, in the 1KM experiments. Surface-based
parcels have substantial CAPE (as well as substantial
CIN) in all of the simulations, with the added-moisture
experiments having more SBCAPE and less SBCIN. To
summarize the vertical profile of CAPE, the integrated
CAPE (ICAPE; Mapes 1993) was also calculated, and
is larger in each of the experiments going from the
control to 1KM_LARGE, in accordance with the CAPE
calculations mentioned above (Table 1). In the
experiments, the percent increase in ICAPE above
CTRL ranges from 3% in 600M_SMALL to 29% in
1KM_LARGE, and the percent increase in IWV above
CTRL ranges from 0.4% in 600M_SMALL to 3.4% in
1KM_LARGE. For comparison, the magnitude of the
ICAPE perturbations in S15 ranged from 3% to 15%
and the IWV perturbations in S15 ranged from 0.3% to
1%. Since the moisture perturbations were made only in
the low levels, the IWV integrated over only the layer
between the surface and 800 hPa was also calculated
(IWV800 in Table 1). The percent increases in this
quantity range from 0.6% to 5.8%.
As further context, if the entire atmospheric column
were saturated with the temperature profile unchanged,
the IWV would be 66.75mm (a 21% increase over
CTRL), and if the layer from the surface to 800 hPawere
saturated (with no changes to the moisture profile above
this level), the IWV would be 59.97mm (an 8.7% in-
crease over the control) and IWV800 would be 36.94mm
(a 14.0% increase over the control). These comparisons
illustrate that the low-level moisture perturbations
applied in this study are substantial, but still relatively
small.
3. Results
a. Overview of convective evolution and precipitation
In all of the simulations, convection initiated just be-
fore t 5 12h within the region of warm advection and
organized into a forward-propagating squall line
(Fig. 6), as in the simulation of PS15. The location of this
initial squall line is similar in all of the simulations al-
though the areal extent of the deep convection is larger
in the added-moisture experiments (Figs. 6b–e) than in
CTRL (Fig. 6a). As this squall line moves east into a
region with less moisture and instability (Fig. 1), it
weakens after approximately t 5 18h (not shown; see
PS15 for detailed analyses). Then, between t 5 18 and
22 h, a new line of convection initiates to the west of the
decaying squall line (Fig. 7). However, the location and
organization of this convection differs between the ex-
periments. In CTRL, an organized west–east-oriented
convective line develops well to the north of the surface
outflow boundary (OFB; approximated by the 238C
potential temperature contour in Figs. 6–8), a process
referred to as ‘‘rearward off-boundary development’’
FIG. 4. Vertical profiles at the point indicated by the asterisk in
Fig. 1a of water vapor mixing ratio (g kg21, solid lines corre-
sponding to the bottom axis) and RH (%, dashed lines corre-
sponding to the top axis) at t 5 (a) 0 and (b) 12 h.
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(ROD; e.g., Keene and Schumacher 2013; Peters and
Schumacher 2014) (Fig. 7a). In 1KM_SMALL, two
bands of convection are located to the west of the de-
caying squall line (Fig. 7d), and in 1KM_LARGE, the
new convection is less organized than in CTRL, with a
collection of deep convective cores embedded within a
region of lighter rainfall (Fig. 7e). Furthermore, this
precipitation is located much closer to the surface OFB
in the 1KM experiments. The convective structures in
the 600M experiments fall somewhere in between those
in the CTRL and the 1KM runs (Figs. 7b,c; also other
times not shown). The reasons underlying these differ-
ences will be explored in greater detail in the next sub-
section. In the CTRL and 600M experiments, this
convective line remains quasi-stationary for approxi-
mately 3 h, whereas the weakly organized convection
moved slowly to the south in the 1KM experiments (not
shown). Finally, after approximately t 5 27h, the MCS
weakened and moved southward in all of the simula-
tions, with the precipitation and associated OFB located
farther south in the 1KM runs (Figs. 8d,e) than in the
CTRL and 600M simulations (Figs. 8a–c).
TABLE 1. Thermodynamic calculations for the soundings shown in Fig. 5. Differences from the control sounding are given in paren-
theses for selected fields; percentage differences are given for ICAPE and IWV. The prefix ‘‘MU’’ refers to parcels lifted from the level
with the highest ue; ‘‘SB’’ refers to parcels lifted from the lowest model level. In addition, ‘‘LPLMU’’ refers to the lifted parcel level, the
level from which the MU parcel originated, and IWV800 is the IWV in the layer between the surface and 800 hPa. The surface dewpoint
Tdsfc is in units of 8C, CAPE and CIN fields are in J kg
21, ICAPE is in 31026 Jm22, the LPL and LFCs are in hPa, and IWV is in mm.
Expt Tdsfc MUCAPE MUCIN SBCAPE SBCIN ICAPE
CTRL 21.2 2116 1 1139 111 4.15
600M_SMALL 21.9 (10:7) 2120 (14) 1 1322 (1183) 97 (214) 4.29 (13%)
600M_LARGE 22.4 (11:2) 2150 (134) 13 (111) 1601 (1462) 81 (230) 4.50 (18%)
1KM_SMALL 22.5 (11:3) 2448 (1332) 8 (17) 1629 (1490) 81 (230) 4.79 (115%)
1KM_LARGE 23.4 (12:2) 2894 (1778) 5 (14) 2066 (1927) 61 (250) 5.35 (129%)
LPLMU LFCMU LFCSB IWV IWV800
CTL 900 869 805 55.17 32.34
600M_SMALL 900 869 823 (118) 55.40 (10:4%) 32.55 (10:6%)
600M_LARGE 947 869 843 (138) 55.72 (11:0%) 32.86 (11:6%)
1KM_SMALL 947 883 (114) 845 (140) 56.17 (11:8%) 33.32 (13:0%)
1KM_LARGE 947 900 (131) 866 (161) 57.04 (13:4%) 34.20 (15:8%)
FIG. 5. Skew T–logp diagrams at t 5 12 h at the point shown in Fig. 1. The dashed red line shows the virtual
temperature. Dewpoint profiles are shown using the same color scheme as in Fig. 4. Parcel curves for the most-
unstable parcel in CTRL and 1KM_LARGE are shown with the black and blue dashed lines, respectively. The
thermodynamic calculations for CTRL are shown; calculations for the experiments are summarized in Table 1.
A magnified view of the low levels is shown at right.
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FIG. 6. Simulated radar reflectivity factor at 1 km AGL (color shading, dBZ), the 238C surface potential tem-
perature contour (blue), and 500-m AGL wind barbs (only magnitudes$9m s21 shown) at t5 15 h for (a) CTRL,
(b) 600M_SMALL, (c) 600M_LARGE, (d) 1KM_SMALL, and (e) 1KM_LARGE.Red lines indicate the locations
of vertical sections shown in Figs. 12 and 13.
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In all five simulations, extreme rainfall accumulations
(.300mm) occur as a result of this MCS (Fig. 9). Un-
surprisingly, all of the added-moisture experiments yield
more area-integrated accumulated precipitation than
CTRL, and the increases are disproportionate to the
increases in IWV (Table 2). The increases in the point-
maximum precipitation are comparatively modest, with
increases of 6%–19% for the low-level moisture
FIG. 7. As in Fig. 6, but at t 5 23 h.
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increases applied here, and the reasons for these dif-
ferences will be addressed in the next subsection. On the
other hand, the total amount of rainfall produced by the
MCS increases markedly with increased low-level
moisture (Fig. 10). In the most extreme case, the total
rainfall accumulation was approximately 60% greater in
1KM_LARGE than in CTRL, for a representative IWV
increase of around 1.8mm or 3% (Tables 1 and 2).
FIG. 8. As in Fig. 6, but at t 5 27 h.
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FIG. 9. Total 24-h accumulated precipitation (mm) on the inner domain for (a) CTRL, (b) 600M_SMALL,
(c) 600M_LARGE, (d) 1KM_SMALL, and (e) 1KM_LARGE. The red rectangle in (e) indicates the region used
for area averaging in Table 2 and subsequent figures. The brown dashed rectangles in (a) and (e) indicate the
averaging region for theHovmöller diagrams in Fig. 19. In (d) and (e), the location of themaximum precipitation in
CTRL is indicated with the gray plus sign (1). The area-averaged precipitation, also shown in Table 2, is given in
the lower-left corner of each panel.
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In addition to the changes in rainfall amounts, there
are also important changes to the rainfall locations. The
location of the heavy rainfall in the 600M experiments is
very similar to CTRL (cf. Figs. 9a–c), but in the 1KM
experiments the heavy-rainfall axis shifts toward the
southwest (Figs. 9d,e). In 1KM_SMALL, the location of
the maximum rainfall occurred about 125 km to the
west-southwest of that in CTRL, and in 1KM_LARGE
the shift was approximately 225km. There are also dif-
ferences in the timing of the heavy rainfall across the
simulations. The 1KM simulations have a much greater
coverage of heavy hourly rainfall within the initial
progressive squall line (from t5 14 to 16 h; see blue bars
in Fig. 11a) than do the CTRL or 600M simulations. In
contrast, at later times the CTRL and 600M experi-
ments have numerous locations with heavy hourly
rainfall (from t5 21 to 25 h; see black and green bars in
Fig. 11a) whereas the 1KM simulations do not. None-
theless, even with less coverage of locally heavy rainfall
in the 1KM simulations later in the MCS’s lifetime,
these simulations continue to produce more total (i.e.,
area integrated) rainfall than the CTRL and 600M
simulations until after t 5 26 h (Fig. 11b). These results
can be partially explained by the evolution of the MCS
structures highlighted above: a well-organized back-
building convective line develops in CTRL, which
leads to large rainfall rates within that line (Fig. 7a).
With larger perturbations to the initial low-level mois-
ture, the back-building line becomes less organized
(Figs. 7b–e), but it also covers a large area with less-
intense rainfall, which still results in more overall pre-
cipitation production than the focused convective line
in CTRL.
To summarize: as we have seen from the convective
evolution and the precipitation accumulation results
presented thus far that there are substantial and com-
plex sensitivities to low-level moisture changes in both
the evolution and rainfall production in MCSs, and the
following subsection will further explore the reasons for
these sensitivities.
b. Differences in convective structure and evolution
What, then, led to the trends described above: the
development of a strong, well-organized back-building
convective line in CTRL that was displaced well north of
the outflow boundary, and the evolution to a weaker,
less-organized (but still heavily raining) line located
nearer the gust front in the added-moisture simulations?
These differences stem in large part from differences in
themodel atmosphere’s response to the initial squall line
and its cold pool. Using the CTRL and 1KM_LARGE
simulations as the extremes of the parameter space to
illustrate these differences, Figs. 12 and 13 show the
evolution of instability and potential temperature
through the simulated MCS’s lifetime. Shortly after the
initiationof deep convection, theCTRLand 1KM_LARGE
simulations have similar vertical structures of CAPE
and potential temperature, aside from the increased
CAPE in 1KM_LARGE that results from the imposed
moisture perturbation (Figs. 12a,b). However, the two
simulations become rather different after the devel-
opment of the forward-propagating squall line. In
1KM_LARGE, the CAPE has been eliminated be-
tween y 5 120 and 200km (Fig. 12d), a cold pool with
maximum u deficit of over 4Khas developed (Fig. 13d), and
deep convection is occurring at theOFB. In contrast, CTRL
has a comparatively weak and shallow cold pool (Fig. 13c),
little deep convection in the plane of the vertical section,
and much of the initial CAPE still remains or has in-
creased with time (Fig. 12c). In 1KM_LARGE, the cold
pool continues to strengthen and move southward with
time (Figs. 13f,h), with unstable air almost exclusively
TABLE 2. Maximum accumulated precipitation at a point and
area-averaged precipitation (mm) in the numerical experiments.
The area-averaged precipitation was calculated over the region
shown in Fig. 9e. The differences are with respect to CTRL. Per-
cent differences in area-averaged precipitation are equivalent to
percent differences in area-integrated precipitation.
Expt Max Diff Area avg Diff
CTRL 319.7 16.8
600M_SMALL 343.9 17:6% 17.9 16:6%
600M_LARGE 356.9 111:6% 19.6 116:4%
1KM_SMALL 339.5 16:2% 21.8 129:8%
1KM_LARGE 381.6 119:4% 26.9 159:8%
FIG. 10. Time series of area-averaged rainfall accumulation (mm)
over the region shown in Fig. 9e.
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confined to the south of the OFB (Figs. 12f,h). By t 5
23 h, convection is comparatively weak but covers a
large area to the north of the surface OFB (Fig. 12h; see
also Fig. 7e). In CTRL, CAPE quickly returns to the
region above the weak cold pool, although it is reduced
somewhat after air is lifted at the OFB (Figs. 12e and 13e);
this change in stability is analyzed in detail by Peters
and Schumacher (2016, hereinafter PS16). ROD takes
place, with an organized convective line initiating ap-
proximately 90 km north of the surface OFB and re-
maining nearly stationary for 3–4 h (Figs. 12e,g; see also
Figs. 13e,g and 7a).
The fates of air parcels passing through the CTRL and
1KM_LARGE MCSs further illustrate the differences
in the convective structure, evolution, and location.
Trajectories were calculated from 10-min model output
for a total of 900 air parcels originating just south of the
surface OFB at t5 19 h, at initial heights of 100, 200, and
300m AGL; and for another 900 parcels originating in
regions of mesoscale isentropic ascent to the southwest
of the MCS, at initial heights of 1.5, 1.6, and 1.7 km
AGL. Because the cold pool moved farther south in
1KM_LARGE than inCTRL, the initial ‘‘grid’’ of surface-
based parcels was shifted accordingly (cf. Figs. 14a,d). The
regions of mesoscale ascent (Figs. 15a,c) were identified
by local maxima in the ingredients-based propagation
index discussed below. Three hours after the release
of the near-surface trajectories, the air parcels in
CTRL rise slightly over the shallow cold pool but
remain in the lowest 2 km (Fig. 14b). In contrast,
many of the parcels in 1KM_LARGE are lifted along
the edge of the deeper, stronger cold pool and, con-
sidering their larger CAPE and smaller CIN, ascend
in deep convection (Fig. 14e). By t 5 24h, the parcel
trajectories suggest that the convection in 1KM_LARGE
has tilted rearward over the cold pool somewhat
(Fig. 14f), consistent with the differences in the con-
vective structures seen in Figs. 12h and 13h. In CTRL,
the near-surface parcels mainly follow two paths after
having been slightly lifted at the surface OFB: most
remain near the surface, but some ascend in the focused
line of ROD convection discussed previously (Fig. 14c).
Figure 16 quantifies the fates of the near-surface air
parcels in the respective simulations. In CTRL, the
majority of the near-surface air parcels never rise above
2 km AGL, relatively few reach a maximum height at
midlevels, but approximately 10% ascend to above
10 km AGL. In contrast, the parcels in 1KM_LARGE
achieve a much more even distribution of heights, with
only approximately 7% of the parcels remaining below
1km and 20% remaining below 2km. The evolution of
the elevated parcels is somewhat different: in CTRL,
many parcels originating within the mesoscale ascent
to the southwest of the convection entered deep con-
vective updrafts (Figs. 15a,b), whereas only a few of
the elevated parcels from this region ascended in
1KM_LARGE (Figs. 15c,d). (By the end of the sim-
ulation, 13% of these elevated parcels had ascended
above 10 km in CTRL, but only 5% of the elevated
parcels in 1KM_LARGE had done so.) This result, in
conjunction with the analysis of the near-surface trajec-
tories, indicates that the CTRLMCS was ‘‘elevated’’ to a
greater extent than the MCS in 1KM_LARGE, re-
inforcing S15’s findings that, in MCSs forming in an en-
vironment with a stable boundary layer, the proportion of
surface-based parcels that rise in deep convection is very
sensitive to the details of the low-level moisture profile.
To further demonstrate that the aforementioned dif-
ferences inmesoscale ascent, and cold pool intensity and
depth, were primarily responsible for the location
FIG. 11. (a) Number of inner-domain grid points with hourly rainfall exceeding 50mmh21. (b) As in Fig. 10, but for
area-averaged hourly rainfall (mm).
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differences in the MCS precipitation between CTRL
and 1KM_LARGE, we employ the ingredients-based
propagation index (IPI) developed by PS16. The pur-
pose of this parameter was to identify regions of the
atmosphere where air parcels (i) had nonzero CAPE,
(ii) were lifting adiabatically, (iii) were close to satura-
tion, and (iv) had little convective inhibition. These
parcels were deemed to have the highest probability of
convection initiation and, therefore, indicate locations
toward which the MCS is likely to propagate. As was
noted by PS16, IPI is not an effective method for iden-
tifying the locations of outflow-driven dynamic lifting
(as was described by, e.g., Rotunno et al. 1988) and the
associated MCS propagation that may occur as a result
of this process. It was further discussed in PS2016,
however, that the orientation of the low-level wind shear
along the southern, southwestern, and western flanks of
the cold pool was unfavorable for dynamically driven
outflow-induced propagation, having favored compara-
tively gradual isentropic ascent (which IPI was designed











where nTADVh and nCAPE are normalization parameters
and IPI is set to zero for all points where RH, 95% and
CIN . 10 J kg21. The parameter TADVh is warm-air
advection (formally 2Vh  =h set to 0 for negative
values), which is a good indicator of regions of adiabatic
ascent within flow with nonzero horizontal velocity (see
PS16 for a more in-depth justification of the inclusion of
WAA in the IPI formulation). The value for nTADVh of
FIG. 12. Vertical sections of CAPE for parcels lifted from each vertical level (color shading in J kg21), potential temperature (black
contours every 2K), and vertical velocity (blue contours at 0.5m s21 and every 1m s21 above that). All values have been averaged over 15
grid points (20 km) on either side of line A–B shown in Fig. 6a. Results are shown for the (left) CTRL and (right) 1KM_LARGE
simulations. Times shown are t 5 (a),(b) 14; (c),(d) 17; (e),(f) 20; and (g),(h) 23 h.
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2.5 3 1024K s21 is the approximate time-averaged do-
main maximum WAA for all simulations, and the RH
andCIN thresholds were arbitrarily defined and justified
in an a posteriori manner (given the demonstrated use-
fulness of these parameters later in this section). The
nCAPE values represented the approximate time-
averaged domain maximum CAPE, which was
2000 J kg21 for the CTRL simulation and 3000 J kg21 for
the 1KM_LARGE simulation. The choice to use dif-
ferent values of nCAPE for the different simulations was
motivated by the convenience of having similar maxi-
mum values of IPI for ease of comparison of spatial
patterns. The higher overall CAPE in the 1KM_LARGE
simulation does not necessarily change the likelihood of
convection initiation in regions where CAPE and
TADVh overlap; instead, it is the times and spatial lo-
cations of maxima and minima in IPI that are important
in its interpretation. In other words, because of the
(somewhat arbitrary) normalization factors for CAPE,
IPI should be interpreted as a relative quantity (where
are the large values with respect to space and time?)
rather than an absolute quantity (what is the value of
IPI?). Using the same normalization factor for both
runs would yield higher values of IPI everywhere in
1KM_LARGE, but the locations/times of the maxima
would be the same, and thus the interpretation would
also be the same.
To separate adiabatic lift from processes ‘‘external’’
to theMCS (such as broad-scaleWAA) from lift due to
processes ‘‘internal’’ to the MCS (such as flow as-
cending along the edge of a convectively generated
cold pool), we divide the horizontal temperature ad-
vection (TADVh) into its contributions from a simu-
lation with full microphysics (and that contains an















u0 2V0h  =huNOMP 2V0h  =hu0)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
(ii)TADVint
. (5)
We define IPINOMP 5 (TADVext 3CAPE)/(nTADVh 3
nCAPE) (where only TADVext is included), with
IPINOMP 5 0 for RH , 95%, CIN . 10 J kg
21 and

















. 0, 0 otherwise.
(7)
Then, we take the maximum column value of IPI at a
given horizontal location (so that wemay examine spatial
maps of its distribution). It was shown in PS16 that IPIext
identified regions where parcels with nonzero CAPE
were being lifted within large-scale WAA, whereas IPIint
identified regions where parcels with nonzero CAPE
were being locally lifted along anOFB.Here, considering
the differing normalization factors mentioned above, we
will focus primarily on the relative magnitudes of IPIext
and IPIint for each simulation individually (rather than
comparing values between runs), and also the proximity
of maxima in these quantities to ongoing convection.
As discussed previously (e.g., Fig. 2), the MCSs stud-
ied here formed within a region of mesoscaleWAA, and
this WAA persisted upstream of the MCS through t 5
24h. This time was also approximately when CAPE was
maximized in this area. This yielded a local maximum in
IPIext along the western flank of the MCS in CTRL
through t 5 24h (Figs. 17a–e), whereas the relatively
high values of IPIext in 1KM_LARGE were displaced
far from the western flank of the MCS (Figs. 17b,d,f). In
CTRL, the magnitudes of the maxima in IPIext were
much larger than those in IPIint through t 5 22 h (cf.
Figs. 17a,c and 18a,c), but the opposite was true in
1KM_LARGE: the maxima in IPIint along the OFB had
much greater magnitudes, and were nearer to the on-
going convection, than the maxima in IPIext (cf.
Figs. 17b,d and 18b,d). These results demonstrate that in
CTRL, large-scale environmental lifting played a crucial
role in continuously regenerating new convective cells
along the western flank of the system, whereas in 1KM_
LARGE, lifting along the convectively generated
outflow boundary was more important and large-scale
lifting played a comparatively smaller role. In particular,
whereas the southwestern OFB in the CTRL run was
insufficiently deep and strong to lift air parcels to their
LFCs and initiate convection (as demonstrated by PS16)
until late in the simulation, the lift along the cold pool on
the MCS’s southwestern flank in the 1KM_LARGE
simulation was sufficient to directly initiate convection
at a much earlier time than in the CTRL simulation. By
t 5 24h, the story in CTRL changed somewhat, with
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IPIint increasing to the south of the convective line (but
north of the original OFB; Fig. 18e); this preceded the
southward surge of the MCS near the end of the CTRL
simulation (e.g., Fig. 8a).
The aggregate impact of the differences in cold pool
intensities between the 1KM_LARGE and CTRL sim-
ulations is concisely demonstrated through the time–
latitude evolution of 1-h precipitation, IPIext, and IPIint
(Figs. 19a,b). The initial convection in both simulations
developed in a region of IPIext, which shows that large-
scale warm-air advection contributed to the initiation of
the MCS. In the CTRL simulation, IPIint became prev-
alent along the western flank of the system after t5 20h
(Fig. 19a), in conjunction with back-building on the
western flank of the system having anchored at ap-
proximately 89.58W (Fig. 19a). In contrast, IPIint in the
1KM_LARGE simulation became prevalent on the
western flank of the system by t 5 14h, and persisted
through the remainder of theMCS’s lifetime, suggesting
that cold-pool-driven lift played a role in upstream back-
building much earlier in this simulation. Maximum IPIint
was also farther west in the 1KM_LARGE simulation
than in CTRL (Fig. 19b; as discussed in the previous
paragraph, this is a result of IPIint having beenmaximized
along the southwestern OFB in the 1KM_LARGE
simulation, rather than northeast of the southwestern
OFB in CTRL). This resulted in upstream back-building
having occurred over a degree of longitude farther west
in the 1KM_LARGE simulation than the CTRL simu-
lation (Fig. 19b).
It is logical to wonder at this point why the MCS did
not simply move westward given the demonstrated
maxima in IPI along the western flank of the system,
and to further wonder why there were successive
eastward-moving convective episodes along the sys-
tem’s east flank. It was shown in PS16 that the mean
FIG. 13. As in Fig. 12, but the color-shaded field is the potential temperature perturbation [defined as the difference between the full
simulation and a corresponding simulation with the microphysics parameterization turned off (NOMP)].
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tropospheric wind was oriented toward the east-
northeast, and that dynamically driven propagation
along the outflow edge occurred along the east and
southeastern cold pool peripheries. Both of these fac-
tors (neither of which are explicitly identified by IPI)
contributed an eastward component to the system’s
motion (and the aforementioned eastward-moving
convective episodes). On the western flank of the sys-
tem, the westward component of propagation from
isentropic ascent nearly canceled the eastward
FIG. 14. (a),(d) Locations of parcel trajectories originating at t 5 19–24 h in (a) CTRL and (d) 1KM_LARGE.
The 248C surface temperature contour at t5 19 h is shown in blue to indicate the location of the outflow boundary in
each simulation. The size of the arrowhead indicates the height of the parcel at t5 24 h, according to the key at the
bottom right. Trajectories were initialized at every sixth model grid point within the red rectangle at 100, 200, and
300m AGL for a total of 900 trajectories. In (a),(d), a random selection of 150 trajectories is shown for clarity.
(b),(c),(e),(f) Vertical section along line A–B in Fig. 6a showing potential temperature perturbation (color shading,
K) and the vertical location of air parcel trajectories through t5 (b),(e) 22 and (c),(f) 24 h. All 900 trajectories are
shown in (b),(c),(e),(f).
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propagation from other factors, and led to nearly net-
zero motion of this flank of the system.
In summary, the IPI diagnostics support the following
hypothesis: (i) the cold pool on the southwestern flank of
the CTRL MCS was insufficiently deep to directly ini-
tiate convection in the CTRL simulation until after t 5
20h, whereas the cold pool on the southwestern flank of
the 1KM_LARGEMCS was sufficiently deep to initiate
convection by t5 14h; (ii) since the elevated inflow into
the MCS was southwesterly, air needed to travel farther
to the northeast in the CTRL simulation before con-
vection initiated than in the 1KM_LARGE simulation;
and (iii) these differences in the locations of convection
initiation were ultimately responsible for the differing
positions of the maximum accumulated rainfall between
the two MCSs.
One possibly counterintuitive result shown above is
that in the simulations with higher RH at low levels (e.g.,
1KM_LARGE), which, all else being equal, should
reduce evaporation, the convectively generated cold
pools are stronger and deeper. This seeming discrepancy
is easily resolved, however, when considering that the
increasedmoisture and instability in the added-moisture
runs result in amuch greater amount of total condensate
(and frozen hydrometeors). Averaged over the entire
MCS, the near-surface latent cooling is slightly greater
in 1KM_LARGE than in CTRL, as a result of the much
greater latent heating (owing to condensation, freezing,
and deposition of hydrometeors) aloft (Fig. 20). Fur-
thermore, this effect is amplified in the convectively
active portions of the MCS, leading to the locally much
stronger and deeper cold pools in the added-moisture
experiments. These results are consistent with the find-
ings of Coniglio et al. (2010), who showed that more
CAPE, and greater potential instability, supported
stronger cold pools and more rapid upscale growth of
MCSs. (Low-level potential instability is not explicitly
shown here, but is also greater in the added-moisture
experiments than in CTRL.) The results are also remi-
niscent of the findings of James andMarkowski (2010) in
FIG. 15. As in Fig. 14, but for trajectories originating at 1.5, 1.6, and 1.7 km AGL within the red rectangles
shown. (a),(c) Locations of parcel trajectories originating at t 5 19–24 h in (a) CTRL and (c) 1KM_LARGE.
(b),(d) Vertical section along line C–D in (a) showing the potential temperature perturbation (color shading, K) and
the vertical location of air parcel trajectories through t 5 22 h.










aval Postgraduate School, D
udley Knox Library user on 30 O
ctober 2020
their examination of dry layers aloft: despite the dry
layer being favorable for more evaporation, the squall
lines that formed in these environments produced less
hydrometeor mass and thus less total evaporation.
Up to this point, attention has mainly been given to
the CTRL and 1KM_LARGE experiments, because
they represent the far ends of the parameter space
considered in this study. An examination of the ‘‘in-
termediate’’ experiments reveals that there is a
straightforward progression of convective behaviors
between these two extremes. For example, the cold
pools produced by the initial convective lines are slightly
stronger in the 600M experiments than in CTRL (cf.
Figs. 12e and 21a,b), and stronger still in 1KM_SMALL
(Fig. 21c), but not as strong as in 1KM_LARGE
(Fig. 12f). Similarly, the northward extent of high-
CAPE air above the cold pool transitions smoothly
across these experiments (Figs. 21a–c): the larger the
initial moisture perturbation, the greater the removal of
CAPE behind the OFB (or, conversely, there is less
recovery of CAPE after the initial squall-line passage to
support subsequent convection initiation behind the
OFB). This ultimately results in the heaviest rain falling
in nearly the same location in CTRL and the 600M
simulations, but with increased accumulations as the
initialmoisture is increased (Figs. 9a–c). In 1KM_SMALL,
the rainfall axis was shifted slightly to the southwest com-
pared to CTRL, but not as far southwest as 1KM_LARGE
(Figs. 9d,e). Thus, although the increases in precipita-
tion accumulation in response to the increased moisture
are very nonlinear (Table 2), the fact that the changes
in the MCS structure represent a well-constrained
continuum as the moisture changes are increased
gives added confidence in the robustness of the results
presented above.
4. Discussion
The results of the numerical experiments presented
above add to the body of evidence demonstrating that
precipitation accumulation has a highly nonlinear re-
sponse to changes in atmospheric water vapor. Related
studies that have examined the sensitivity of pre-
cipitation to vertical moisture profiles include Takemi
(2006), S15, and Alfaro and Khairoutdinov (2015). Yet
these studies did not include the atmospheric forcing
representative of midlatitude warm-season MCSs,
which is included here. In particular, this forcing in-
cludes synoptic-to-mesoscale ascent and rapid horizon-
tal transport and convergence of moisture. The
outcomes of the experiments—especially the 1KM
experiments—show that the increase in the precipitation
production of a midlatitude MCS can far exceed what
might be implied by a quantity like IWV, with the 3.4%
increase in IWV in the 1KM_LARGE experiment re-
sulting in a nearly 60% increase in total MCS pre-
cipitation. These precipitation increases are also
disproportionate to those found previously in the litera-
ture. For example, in the high-shear simulations of
Alfaro and Khairoutdinov (2015), variations in IWV
from 43.5 to 46.6mm (approximately 7%), which cor-
responded to variations in ICAPE from 3.3 to 6.2 3
1026 Jm22, resulted in variations in hourly rain rate
from 20 to 27mm, or 35%. A similar comparison of
hourly rain rates from the simulations shown in the
present study indicates increases of up to 66% for IWV
increases of 3.4% and ICAPE increases of 4.15–5.35 3
1026 Jm22. Of course, because the moisture increases
here were applied over an area much larger than the
MCS itself, and because of the synoptic and mesoscale
forcing in which the MCS develops, these relatively
small increases in moisture locally can be processed by
the convective system over its full life cycle to result in
large rainfall accumulations. These factors were not
fully included in the aforementioned studies, and ap-
pear to have important influences both on rainfall
production itself, and on the sensitivity of rainfall pro-
duction to the environmental conditions. Or from the
perspective of NWP models, the results suggest that
small biases or errors in initial moisture conditions can
lead to very large differences in accumulated rainfall.
This may have important implications for two different
lines of inquiry related to MCS precipitation.
FIG. 16. Histogram of the maximum height attained by the air
parcels between t5 19 and 24 h. For example, the leftmost red bar
indicates that 25% of parcels in CTRL had a maximum height of
1 km AGL or below.
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The first is for the predictive skill and predictability of
heavy rainfall. As shown here, and as well as by S15,
small changes to the low-level moisture profile lead to
large changes in the total MCS rainfall, and this study
additionally shows that the location of the heavy
precipitation can also be changed substantially. As dis-
cussed in the introduction, forecast skill for warm-
season rainfall continues to be low, and the results of
this study reveal some potential reasons why: even when
the large-scale forcing for ascent is well represented
[itself not a given in real-world scenarios; e.g., Peters and
Roebber (2014)], errors in the low-level moisture profile
can lead to very different MCS structures and, as a re-
sult, precipitation distributions. One could think of the
MCS environments represented in this study as a simple
ensemble of forecasts and, although all of the ‘‘mem-
bers’’ of this ensemble would indicate the possibility of
an extreme rainstorm, the shift in the heaviest rainfall
location by over 200km as a response to a relatively small
moisture perturbation would not give a forecaster high
confidence in where to expect a threat for heavy rain and
flash flooding. As efforts to couple high-resolution
weather forecasts with hydrologic model predictions of
flooding continue to advance (e.g., Bierkens et al. 2015)
FIG. 17.Maximum column IPIext (shading), surface u
0 ,21K (green contour), andmaximum columnw. 3m s21 (dark gray contours) for
the (left) CTRL and (right) 1KM_LARGE simulations, valid at t 5 (a),(b) 20; (c),(d) 22; and (e),(f) 24 h.
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these sorts of uncertainties in the location of the pre-
cipitation axis are concerning. The results do provide yet
further motivation for representing heavy precipitation
forecasts probabilistically, however.
The second relevant research area is the question of
how extreme precipitation has changed, and may con-
tinue to change, within the context of a changing cli-
mate. All else being equal, atmospheric IWV should
respond to warming at a rate roughly commensurate
with the Clausius–Clapeyron relation [approximately
7% (18C)21 of warming; e.g., Berg et al. 2013]. However,
this study shows that relatively small increases in mois-
ture (if they occur near the surface) can lead to very
large increases in precipitation accumulation. The
moisture perturbations applied here are likely too ide-
alized to reflect actual atmospheric responses to changes
in radiative forcing (e.g., the temperature itself was not
altered here, and perturbations were limited solely to
low levels), but the high sensitivity that experiments
reveal is nonetheless concerning. In a ‘‘pseudo-global-
warming’’ experiment that reflects more representative
atmospheric changes, Lackmann (2013) similarly
FIG. 18.Maximum column IPIint (shading), cold pool intensity (c, red contours at intervals of 5m s
21, defined as in PS16), andmaximum
column w. 3m s21 (dark gray contours) for the (left) CTRL and (right) 1KM_LARGE simulations, valid at tsim 5 (a),(b) 20; (c),(d) 22;
and (e),(f) 24 h.










aval Postgraduate School, D
udley Knox Library user on 30 O
ctober 2020
showed large increases in rainfall and convective in-
tensity in simulations of an observed extreme rainfall
event, and Groisman et al. (2012) and Berg et al. (2013),
among others, have shown that heavy convective pre-
cipitation has become more frequent in observations.
Additional areas warranting further study are the
connections between (and uncertainties associated
with) the land surface and low-level atmospheric
moisture. This study did not directly include the effects
of surface–atmosphere fluxes, nor did it address the
possible influences of land surface inhomogeneity.
One could envision that these processes can serve as
sources of low-level moisture errors and uncer-
tainties in models, and the importance of these pro-
cesses on MCSs and their precipitation remains poorly
understood.
Finally, the results presented in this study relate
closely to observations that were collected during the
PECAN field campaign (Geerts et al. 2017) in 2015. In
particular, an MCS that shared many characteristics of
the idealized MCS simulated in this study occurred on
24–25 June 2015 in eastern Iowa. Radiosonde obser-
vations taken at high temporal frequency showed rapid
moistening and destabilization of the environment near
the MCS, which was not well represented in opera-
tional analyses that did not assimilate these observa-
tions. Numerical simulations of this case (Peters et al.
2017) suggest that the location of this MCS was sensi-
tive to the magnitude of these low-level moisture errors
in much the same way as the simulated MCSs in this
study were. Further exploration of the unprecedented
observations of MCS environments during PECAN
may reveal further insights regarding the reasons for
errors in forecasts of MCS precipitation.
5. Conclusions
A series of numerical model experiments addressed
how the distribution of precipitation produced by a
semi-idealized warm-season MCS was influenced by
changes to low-level moisture. In two experiments, the
moisture was increased slightly over the lowest 600m,
FIG. 20. Vertical profiles of accumulated latent heating (K), av-
eraged over the region shown in Fig. 9e, through t 5 24 h in the
CTRL (black) and 1KM_LARGE (blue) simulations.
FIG. 19. (a) Hovmöller diagram of 1-h CTRL precipitation accumulation (shading, mm), IPIext (red contours),
and IPIint (black contours), averaged north-to-south over the dashed box in Fig. 9a. (b) As in (a), but for the
1KM_LARGE simulation, and averaged over the dashed box in Fig. 9e. The blue arrows indicate periods when
cold-pool-driven back-building was occurring.
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and in two other experiments it was increased over the
lowest 1 km. As expected, in all of the simulations, the
total rainfall accumulation from the MCS increased in
response to the added low-level moisture. The increases
in the point rainfall maximawere comparativelymodest,
with all of the experiments producing over 300mm lo-
cally. But the increase in total rainfall was highly dis-
proportionate to the moisture perturbation: in the
experiment with the largest moisture addition, a 3.4%
increase in IWV resulted in a nearly 60% increase in
total rainfall. Furthermore, in the experiments in which
the moisture perturbation was applied over a 1-km
layer, the location of the heaviest rainfall also shifted.
In these runs, a stronger and faster-moving cold pool
developed and the deep convection remained closer to
the edge of this cold pool, whereas the convection was
displaced farther behind the outflow boundary in the
control simulation and those with the shallower mois-
ture perturbations. Although the MCSs in the 1KM
experiments produced much more rainfall in total, the
control and 600M MCSs were able to produce large
short-term rainfall much later in their lifetimes owing to
cold-pool-induced differences in convective structures.
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